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CHAPTER ONE

INTRODUCTION

Coevolution is a major driving force in ecosystems in which sets of organisms
shape one another on morphological and genetic levels. Despite its importance and
widespread occurrence, coevolution is very difficult to observe in the lab and even more
challenging to observe in nature, partially due to the time it takes for evolutionary
relationships to develop. However, snapshots of this process can be observed through
phylogenetic analysis.
The Red Queen Hypothesis. One of the most important concepts to emerge in
recent biological theory is that of the Red Queen Hypothesis. Named for a scene in
Lewis Carroll’s Through the Looking Glass (Dodgson 1871), the hypothesis states that
organisms are constantly evolving to maintain their niche in their respective ecosystems.
Van Valen originally proposed the hypothesis as an explanation of the constant rate of
extinction observed in populations through the fossil record. The extinction rate is
stabilized by coevolution between populations in attempts to compete for resources and
exploit one another in predatory and parasitic relationships (van Valen 1973).
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Hartung and Bell later developed the Red Queen Hypothesis independently of one
another as an explanation for sexual reproduction. Organisms that reproduce sexually
have an advantage over asexual populations because of the genetic recombination that
occurs during meiosis. Recombination introduces genetic variation into a population and
allows it to evolve more rapidly in response to natural selection, conferring sexual
populations an advantage over asexual populations (Hartung 1981, Bell 1982).
Parasite-host coevolution. One of the most vivid examples of coevolution at
work is that of the parasite-host relationship. Parasites and hosts are locked in a perpetual
arms race in which the parasite is constantly evolving to exploit its host and the host in
turn is evolving new ways to resist parasite infection (Dawkins and Krebs 1979). If the
parasite hopes to continue to survive on its chosen host, it must keep up with the host’s
responses. In the case of tick-host immunology, for example, hosts of ticks can acquire
resistance to infection through humoral and cellular immunoregulatory and effector
pathways. In response, ticks can override the host immune response by a variety of
mechanisms, including the production of anticoagulants in the ticks’ saliva that can
suppress inflammation responses (Wiken and Bergman 1997). Coevolution clearly plays
an important role in the relationships between species; however, the exact dynamics of
coevolution have proven difficult for researchers to document in detail. Despite the
challenges, some researchers have turned to simple parasite-host systems to investigate
coevolution in more depth, particularly through the study of phages and bacteria.
Phage-bacteria coevolution. Phage-bacteria systems have several advantages for
coevolutionary studies, including rapid generation times and relative ease in recreating
the communities in the lab. Furthermore, phage-bacteria coevolution has been shown to
2

be a major driver of the ecological and evolutionary processes that shape microbial
communities (Bohannan and Lenski 2000, Dennehy 2012). In the case of phage Lambda
and E . coli, for example, an arms race has been observed in real time in which the phage
evolved on its tail the means to exploit novel receptors on its host, and the host in turn
evolved responses that removed the advantage conferred to phage that use the new
receptor (Meyer et al. 2012). Research into these relationships yields valuable insight
into the factors that influence microbial communities as well as the dynamics of
coevolution (Koskella and Brockhurst 2014).
Despite the progress made in phage-bacteria studies, they have met with
significant criticism. The results of such research are difficult to generalize to other
parasite-host systems, especially in the case of multicellular organisms (Koskella and
Brockhurst 2014). Further research into a wider range of parasite-host systems is
necessary to obtain a more complete picture of coevolutionary relationships. Several
studies into differing parasite-host systems have been undertaken, largely through the
application of phylogenetic analysis.
Coevolution and phylogenetics. Coevolving organisms often shape one another
not only on a phenotypic level, but on a genetic level. Therefore, it is through the
genome that snapshots of coevolution can be observed and studied. In the case of
parasites and hosts, coevolving groups of species will often have mirroring phylogenies
due to the fact that a new parasite species arises whenever a new host species emerges, a
principle known as Fahrenholz’s rule (Eichler 1942). As the host phylogeny evolves, so
does that of the parasites, particularly in cases where the parasites are highly hostspecific. Construction of two phylogenetic trees, one for the host species and one for the
3

parasite species, will reveal a set of phylogenies that mirror one another to a significant
extent. This is one of the first pattern predicted of coevolution between parasite and host
(Hafner and Nadler 1988).
An example of this theory is a study of pocket gophers (Geomys) and their
parasites, chewing lice (Geomydoecus). Phylogenies were constructed for the hosts and
the parasites based on allozyme data. Congruence was observed between the
phylogenies, indicating that a great degree of cospeciation had occurred between the two
sets of organisms. However, the trees were not completely symmetrical; inconsistencies
were most likely due to host shift events by the parasites, a common occurrence even
when parasites demonstrate high host specificity. Nevertheless, the results of the study
indicated a strong history of cospeciation between parasite and host (Demastes and
Hafner 1993).
In a more recent study, an intricate network of relationships was discovered
between a group of tropical plant-eating flies (genus Blepharoneura) and the parasitoid
wasps (genus Bellopius) that infect them (Condon et al. 2014). This research was carried
out largely through the use of molecular data. It was observed that selection in this
community favored high host specialization on the part of the wasps to such an extreme
degree that offspring oviposited into the wrong host species failed to survive. In an
environment that supports extremely high biodiversity, specialization on the part of
parasites can reduce competition.
Coevolution has been studied in multiple systems, but further research in a more
diverse set of organisms is required to determine which principles are generalizable to
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many parasite-host systems and which are more unique. More research into parasite-host
systems that include vertebrates as hosts are in particular demand, as the results of such
studies are more easily applied to problems in parasite disease research in vertebrate
agriculture and human health. One parasite-host system that presents an especially
appealing option for coevolution studies is that of darters and their monogenoidean gill
parasites. Such a system offers a diverse host assemblage and a highly specialized group
of parasites with which to work.
Darters. Darters (family Percidae) are benthic freshwater fishes native to the
eastern two-thirds of North America. The genus Etheostoma has a wide distribution and
a diverse number of species (Mettee et al. 1996). Larger darter species grow more
quickly, live longer, and have longer reproductive cycles and larger clutch sizes (Paine
1990). Darters exhibit microhabitat partitioning between sympatric species. The
Rainbow Darter (E. caeruleum), for example, prefers rocky substrates and fast-flowing
riffles, while the Banded Darter (E. zonale) is more of a generalist (Harding et al. 1998).
Darter roles in ecosystems. Although darters are not considered commercially
valuable due to their being too small for human consumption and uncommon as aquarium
fish, darters occupy important ecological niches in their habitats as predators of small
invertebrates and as prey to larger fish species (Englert and Seghers 1983). Thus they
are an important link in the food webs of their communities. In fact, novel roles that
darters play in their ecosystems are still being discovered, such as the relationship
between darters and parasitic mussel populations.

5

Recent research has uncovered the role of the darter as a host in the reproductive
cycle of several parasitic mussel species (Haag and Warren 2003). The mussel larvae
(glochidia) attach to the gills of the fish and are provided transport by the host until they
mature into juveniles and move on to the next phase of their life cycle. The level of host
specificity on the part of the glochidia requires further study, but the parasite was
observed to have a significant impact on host behavior and reproductive fitness. It is
highly likely that darters play important roles in the life cycles of many other organisms,
especially parasites, and that the full scope of the niche occupied by darters in their
communities has not yet been completely determined.
At this point it is well established that darters are intimately tied to several facets
of their habitats, which makes them a useful litmus test for the vitality of an ecosystem.
Because darters rely heavily on the quality of their environment, they are excellent
indicators of the well-being of a freshwater ecosystem (Lydeard and Mayden 1995). The
presence of a healthy darter population in a body of water indicates its biodiversity and
habitability for other freshwater species. Stress on darter populations strongly indicates
that the habitat is altered and requires conservation management.
Threats to darter populations. Despite their vast distribution and rich species
number, many darters are vulnerable to extinction due to restricted habitat ranges and
anthropogenic effects. Some darter species, such as the Diamond Darter (Crystallaria
cincotta), are restricted to a single stream (Welsh and Wood 2008). One of the most
prominent controversies surrounding the endangerment of darter habitats was the case of
the Snail Darter (Percina tanasi). The Snail Darter garnered much concern when its
environment was threatened by the building of the Tellico Dam on the Little Tennessee
6

River (Ashton and Layzer 2008). Even in cases where the darter species themselves are
not in immediate danger of extinction, anthropogenic events still loom as a threat to their
habitats. In the case of the Rainbow Darter, the species is quite plentiful and currently
classified as Least Concern (IUCN 3.1), but many populations are still threatened by the
effects of urbanization such as runoff pollution (Ritzi et al. 2004). The vulnerability of
many darter species is part of what makes them useful bellwethers for the well-being of
an ecosystem. The extent to which darter populations are threatened varies widely from
one habitat to another, but overall the value of darters as indicators of the biodiversity and
health of an environment makes them worthwhile subjects of extensive research and
monitoring.
Darters and evolutionary theory. In addition to their value as ecological
bellwethers, darters are effective models for studies in evolution and speciation. Darters
are of great interest to evolutionary biology due to their immense diversity and wide
distribution. The construction of a comprehensive darter phylogenetic tree has yielded
significant insight into patterns and mechanisms of diversification, particularly
reproductive isolation and adaptive radiation (Keck and Near 2008). In addition, the
darter tree project has facilitated the refinement of methods of phylogenetic analysis and
has raised significant questions concerning the use of certain loci in constructing
phylogenetic hypotheses. Whether as a model system or as a subject in itself, the darter
group is a powerful and productive outlet for studies in evolution.
Cryptic or disputed species complexes in darters. The darter genera contain
hundreds of diverse species; about 250 have been described to date, and new species are
still being discovered and described. Darters vary greatly in size and coloration, and
7

many species have been described based mostly on their morphological characteristics.
However, later molecular analysis has uncovered a deeper layer of diversity within the
group than previously assumed.
In the case of the E. simoterum (Snubnose Darters) species complex, Powers and
Mayden used male nuptial coloring to describe a six-species delimitation scenario (2007).
However, this number of species was disputed by Harrington and Near, who argued that
based on molecular data sets only three species exist within simoterum (2011). A
combination of Bayesian tree topology estimations, examinations of phenotypic
variation, and coalescent simulations was used to compare the two species delimitation
scenarios. It was observed that the phylogenetic and coalescent methods supported the
hypothesis of a three-species delimitation scenario for the simoterum complex.
Although phylogenetic analyses based on molecular data revealed fewer species
within E. simoterum than originally thought, in some instances molecular data sets have
uncovered more variation in a darter population than anticipated. In the case of the
common Speckled Darter (E. stigmaeum), researchers used DNA sequencing to discover
that six species existed where there was previously thought to be only one (Layman et al.
2012). Depending on the number of characteristics used and which ones are selected for
constructing phylogenetic hypotheses, morphology can be dangerously ambiguous in
measuring the diversity of a population and can lead to either an overestimation or an
underestimation of the number of species in a group.
It is thought that examining the diversity of the parasite population on a host can
reveal something about the diversity within the host population (Lambert et al. 1995). In
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the case of monogenoidean gill parasites on darters, the parasites demonstrate high host
specificity, so the presence of more than one parasite species on a single host species
could indicate the existence of more than one host species. Conversely, the existence of
only one parasite species within a multi-species complex could indicate that morphology
was deceptive in pointing to more than one species. At the very least, parasites play a
very large role in regulating energy flow through an ecosystem and influencing host
fitness. It is worthwhile to monitor the activity of parasite populations on darters to
determine what factors contribute to the condition of the host species, especially in cases
where the hosts are endangered or confined to narrow habitat ranges. In this study, I
analyze the populations of monogenoidean gill parasites on darters in two freshwater
systems in Tennessee: Flat Creek and Mill Creek.
Mill Creek. Mill Creek is a tributary of the Cumberland River in Tennessee.
Like the Duck River, Mill Creek is home to many freshwater species, including several
which are critically threatened. It is the only known habitat of the endangered Nashville
Crayfish (Orconectes shoupi), as well as the last known location of the rough rockshell
(Quadrula tuberosa), a mussel species thought to be either extinct or critically
endangered. As with Flat Creek, Mill Creek is vulnerable to pollution from rain runoff
and chemical and organic waste (Cumberland River Compact 2010).
Cumberland Snubnose Darter. The Cumberland Snubnose Darter (E. atripinne)
is a member of the subgenus Ulocentra. Its range is limited to the Cumberland drainage,
but its status is fairly secure therein. However, poor land management practices threaten
to diminish its specialized habitat (Kuehne and Barbour 2015).
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Greenside Darter. The Greenside Darter (E. blennioides) is the largest darter of
the genus Etheostoma. It has a wide distribution and is made up of at least four
subspecies. The subspecies E. b. newmanii predominates in the Cumberland River
drainage, but there are indications that some populations have received a gene infusion
from E. b. blennioides (Kuehne and Barbour 2015).
Fantail Darter. The Fantail Darter (E. flabellare) is in the subgenus Catonotus.
It has a very wide distribution and is currently secure in most of its ranges. They prefer
areas with flat stones and cobbles due to their breeding habits (Page and Burr 2011).
Flat Creek. Flat Creek is a tributary of the Duck River, the longest river located
entirely in Tennessee and the most biologically diverse river in North America. The high
diversity of this system, housing more than 151 species of fish, makes it an important
subject of research as well as conservation efforts. It is a key water source for nearby
human populations, as well as a haven for many vulnerable freshwater species. One of
the largest threats faced by the Duck River is that of water quality deterioration due to
storm runoff, sewage treatment, and farm waste. The loss of water quality in the Duck
poses a threat to humans and animals alike (Duck River Watershed Association 2015).
Many of the inhabitants of the river are highly sensitive to pollution, which makes them
useful indicators of the water quality of their habitat. Five darter species found in this
river system were used in this study.
Saffron Darter. The Saffron Darter (E. flavum) is a member of the subgenus
Ulocentra, and has a distribution that includes Kentucky and Tennessee. It is found in
the Cumberland and Tennessee River drainages and prefers rocky pools and adjacent
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riffles of headwaters, creeks, and small rivers (Page and Burr 2011). Despite their
narrow range, Saffron Darters are relatively secure.
Duck Darter. The Duck Darter (E. planasaxatile) is another species within
Ulocentra. The Duck Darter is recognized by both Powers and Mayden and Harrington
and Near as a subspecies of the disputed simoterum species complex. Its range is
restricted to Tennessee, and includes the Duck and Tennessee rivers. Despite its narrow
range, it appears to be abundant and secure in its habitat (Page and Burr 2011).
Blackfin Darter. The Blackfin Darter (E. nigripinne) is a member of the subgenus
Catonotus and has a distribution that includes Alabama, Tennessee, and Mississippi.
While secure in Alabama and Tennesee, it is currently imperiled in Mississippi. Its
habitat preferences are noted to overlap commonly with those of the Black Darter (E.
duryi) (Ross 2001).
Redband Darter. The Redband Darter (E. luteovinctum) is a member of the
subgenus Oligocephalus endemic only to Tennessee. Its range includes the Cumberland,
Duck, and Elk river drainages (Kuehne and Barbour 2015).
Striated Darter. The Striated Darter (E. striatulum) is a member of the subgenus
Catonotus. Striated Darters are the most restricted darters in the subgenus, confined to
tributaries of the Duck River system in Bedford and Marshall County, TN (Kuehne and
Barbour 2015).
Monogenoideans. Monogenoideans (also called monogeneans) are flatworms of
the phylum Platyhelminthes. Most monogenoideans are ectoparasites that infect the gills
and skin of both marine and freshwater fishes (Hoffman 1999). They vary greatly in size
11

and characteristics, but they all lack skeletal, circulatory, and respiratory systems. They
attach to their hosts using a posterior system of hooks that make up the haptor apparatus,
and feed on the epithelial secretions of the host. They are known for their high degree of
host specificity and their simple, single-host life cycles. Research suggests that the major
factor contributing to the diversity in monogenoideans is variation in the attachment
organs, and that diversity is largely independent of host or parasite body size (Poulin
2002). The diversity, host specificity, and relatively resolved phylogeny of the
monogenoidean group (Olson and Littlewood 2002) make these parasites ideal for studies
of diversification and parasite-host relationships.
Monogenoidean life cycle. Monogenoideans are hermaphroditic, and all except
gyrodactylids are oviparous (Buchmann and Bresciani 2006). Gyrodactylids give live
birth to fully mature worms. In the case of other groups, free-swimming larvae hatch in
the sediment at the bottom of the water and swim until they find and attach to a preferred
host. They then mature and spend their entire adult life cycle on the same host
individual. The life span is relatively short, ranging from a few days to several years
(Goater et al. 2013)
Microhabitat partitioning in monogenoideans. The microhabitat preferences of
monogenoideans on host tissue have been extensively studied; tissue specificity varies
somewhat between species. Gill parasites on Freshwater Shark (Wallago attu)
demonstrated clear segregation marked by gill segments and gill areas, with a preference
for the anterior segment of the first and fourth gill arches (Tripathi et al. 2010). A
complex network of microhabitat partitioning between gill arches was observed in nine
Dactylogyrus species infecting Common Roach (Rutilus rutilus) (Koskivaaraa et al.
12

1992). Specialized morphological adaptation to the preferred microhabitat was observed
in parasites infecting several marine fishes (Rohde 1977). In some cases, parasite species
will spend the entire adult life cycle on one section of the host tissue.
Host specificity in monogenoideans. Monogenoideans have been observed to
demonstrate distinct preferences for specific hosts, although the degree of host specificity
varies somewhat. The parasites also demonstrate clear preferences for certain host
tissues, typically the host’s skin or gills (Whittington et al. 2000).
Monogenoidean impact on hosts. Monogenoideans attach to their hosts using a
variety of hooks that make up the haptor, and use a simple sucker mouth to feed on the
host’s mucus. They can be a source of irritation in their hosts and are known to cause
epizootics and compromise the host’s immune system. Both gill and skin parasites are
known pests that can have significant negative impacts on fish populations, including
commercially valuable populations such as salmon, carp, and aquarium fishes
(Whittington and Chisholm 2008).
A significant correlation was observed between gill parasite infection and
reproductive capabilities in the Telescope Shiner, Notropis telescopus. Heavily infected
hosts were observed to have lower gonadosomatic indexes, an indicator of host
reproductive fitness (Adrian et al. 2012). The exact mechanism of the parasite’s impact
on host reproduction requires further study, but links between parasite infection and host
reproductive strategies and success have been observed and studied in other systems.
Monogenoideans on darters. The genus Aethycteron was erected for
monogenoidean gill parasites that infect darters as their preferred hosts (Beverly-Burton
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1981). At least twelve species have been described on Etheostoma. The most recent
species to be proposed was A. simoterum, named for its preferred host, E. simoterum
(Tennessee Snubnose Darter). A year-long study of monogenoidean gill parasite
infection in an assemblage of darters native to Estill Fork in Alabama revealed
significantly lower prevalence and abundance of gill parasite infection in darters within
the subgenus Ulocentra (―Snubnose Darters‖) compared to sympatric darters within other
subgenera (Hanson and Stallsmith 2013). The disparity in parasite load was consistent
throughout the year. The exact reasons for the lower gill parasite loads in snubnose
darters remain to be determined and require further research.
While some research has been performed on the morphology, life cycle, and
impact on hosts of parasites within Aethycteron, there is currently no published
molecular data for parasites within this genus. Monogenoideans are a notoriously
difficult group of parasites to study, and attempts to sequence monogenoidean DNA have
been met with many challenges. The small size of the parasites and their relative fragility
make them difficult to photograph, and the DNA extracted from specimens is at high risk
for contamination. Furthermore, it is difficult to get sufficient DNA from a small
specimen, as monogenoideans must be sequenced individually. Monogenoideans also
present many taxonomic difficulties; the species tend to look very similar in morphology,
making it challenging to classify them based on their characteristics. In fact, based on the
results of one study on Lamellodiscus, morphological and molecular evolution in
monogenoideans may not even be linked (Poisot et al. 2011). Molecular data may be
more accurate, but more difficult to obtain (Vanhove et al. 2013).
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Here I provide previously unavailable molecular data for Aethycteron at multiple
loci, propose several undescribed parasite species, and propose a hypothesis for
phylogenetic relationships within Aethycteron and support for the existence of a
coevolutionary relationship between Aethycteron and Etheostoma.
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CHAPTER TWO

METHODS

Methods for this study were partially derived from previous research completed
by Hanson and Stallsmith (2013), and partially from parasite mounting techniques set
forth by Upton (2005).
Collection and processing of host specimens. The sites of interest included Flat
Creek, a tributary of the Duck River (site coordinates: 35 degrees 39.923' N, 86 degrees
49.805), and Mill Creek, a tributary of the Cumberland drainage (site coordinates: 36
degrees 1.696' N, 86 degrees 40.002' W), both located in Tennessee (Figure 2.1).
Host species included in this study are as follows: from Flat Creek, Etheostoma
flavum (Saffron Darter), E. luteovinctum (Redband Darter), E. planasaxatile (Duck
Darter) E. nigripinne (Blackfin Darter), and E. striatulum (Striated Darter) (Table 2.1,
Figures 2.3 and 2.4.); from Mill Creek, E. atripinne (Cumberland Snubnose Darter), E.
blennioides (Greenside Darter), and E. flabellare (Fantail Darter) (Table 2.2, Figures 2.2,
2.3, 2.5 and 2.6).
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Figure 2.1. Maps of both collection sites. Mill Creek collection site is indicated by a
yellow marker. Flat Creek collection site is indicated by a red marker. (Google Maps
2015).
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Table 2.1. Common names, subgenera, and distribution of darter species collected from
Mill Creek (NatureServe 2013).
Species
E. atripinne
E. blennioides
(newmanii)

E. flabellare

Common Name
Cumberland
Snubnose Darter
Greenside Darter

Subgenus
Ulocentra

Distribution
Cumberland River drainage

Etheostoma Cumberland and Tennessee
River drainages, Arkansas,
Ouachita, St. Francis, and
White Rivers
Catonotus
Eastern North America
(wide distribution)

Fantail Darter

Table 2.2. Common names, subgenera, and distribution of darter species collected from
Flat Creek (NatureServe 2013).
Species
E. flavum

Common Name
Saffron Darter

Subgenus
Ulocentra

E. luteovinctum

Redband Darter

E. nigripinne

Blackfin Darter

Distribution
Cumberland and
Tennessee River
drainages
Oligocephalus Cumberland and Duck
River drainages
Catonotus
Tennessee River drainage

E. planasaxatile

Duck Darter

Ulocentra

E. striatulum

Striated Darter

Catonotus
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Duck and Tennessee
River drainages
Duck River tributaries in
Bedford and Marshall
County, TN

Figure 2.2. Approximate habitat ranges of four darter species collected from Mill Creek
and Flat Creek (NatureServe 2013). A: Distribution of Etheostoma atripinne. B:
Distribution of E. blennioides newmanii. C: Distribution of E. flabellare. D:
distribution of E. flavum. Original map: U.S. Federal Government 2009.
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Figure 2.3. Approximate habitat ranges of four darter species collected from Flat Creek
(NatureServe 2013). A: Distribution of Etheostoma luteovinctum. B: Distribution of E.
nigripinne. C: Distribution of E. striatulum. D: distribution of E. planasaxatile.
Original map: U.S. Federal Government 2009.
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Specimen collection. Individuals of each species of interest were collected from
each site using a seine net. The net was spread across the flowing water, and the
individuals were chased into the net by downstream kicking. Sets were performed along
the banks and, when possible, in the middle of the stream at both sites. The collections
were performed approximately 2 meters apart over an area of approximately 200 meters.
The sites were sampled on an approximately bimonthly basis from August 2013 to June
2014. Specimens were sampled randomly and independently of one another. Collections
were performed at the same site at each location.

Figure 2.4. Darter species collected from Mill Creek. From top to bottom: Etheostoma
atripinne (NANFA 2009), E. blennioides (NANFA 2012), E. flabellare (NANFA 2012).
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Figure 2.5. Darter species collected from Flat Creek. Clockwise from top left: E. flavum
(NANFA 2008), E. luteovinctum (NANFA 2008), E. planasaxatile (NANFA 2008), E.
nigripinne (Outdoor Alabama 2014).

Figure 2.6. Etheostoma striatulum (Striated Darter), the identity of four darters collected
from Flat Creek in August 2013 (Littschwager, National Geographic 2015).

Specimen identification and fixation. Individuals were identified to species, then
immediately euthanized on-site using diluted clove oil. Euthanized specimens were then
placed into either 10% phosphate buffered formalin (for archiving and photography) or
95% ethanol (for DNA extraction).
Specimen measurements. The standard length of each host specimen (from the tip
of the nose to the base of the caudal peduncle) was recorded in millimeters (+/- 0.01)
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using digital calipers. The mass of each specimen was recorded in grams
(+/- 0.01 grams) using a Mettler digital balance. When possible, the sex of each
individual was identified and recorded based on sexually dimorphic characteristics.
Parasite counts, fixation, and staining. Gill parasites were counted and
collected from the host tissue for several purposes: to determine the prevalence and
abundance of infection in each host population throughout the year, to mount and stain
individuals for description and photography, and to prepare individuals for DNA
extraction.
Gill tissue examination and parasite counts. The gill tissue of each host specimen
was removed using a pair of forceps. Each set of gill arches was transferred to a watch
glass and placed under a dissecting microscope immediately after removal. All eight gill
arches were separated and examined under a dissecting microscope at 25x magnification,
then again at 50x. A fine needle pick was used to feather through the filaments on each
gill arch. Parasite counts were performed visually with the aid of the dissecting
microscope. The fluid surrounding the gill arches was also inspected for the presence of
gill parasites that may have fallen off the gill tissue. Parasites were removed from the
glass using a micropipette one by one as they were counted to avoid double-counting
individuals. The total number of parasites found on each host was recorded.
Staining and mounting of parasites. Counted parasites were stored in
microcentrifuge tubes in the original storage fluid (either formalin or ethanol). Some of
the gill tissue samples were lightly stained with 1% acetocarmine for photography
purposes. Individual parasites from each host species were fixed in alcohol-formalin-
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acetic acid (AFA) for one hour, then placed onto a microscope slide. The parasites were
mounted onto the slides using Kleermount and a cover slip, then allowed to dry for at
least 24 hours. Mounted parasites were photographed using either a Moticam 3 camera
mounted onto a compound microscope, or DIC imaging using a Zeiss LSM 700 confocal
microscope.
Data analyses
Data were entered into Microsoft Excel 2007 and into IBM SPSS 22 for analysis.
Figures were generated from these data, then processed in Adobe Illustrator CS4.
Calculation of prevalence, mean abundance, and mean intensity of infection.
The following definitions were adopted for prevalence, mean abundance, and
mean intensity of infection, as recommended by Bush (2007):
Prevalence: the fraction of each sample population infected with one or more gill
parasites.
Mean abundance: The average number of parasites per individual in each sample
population, including uninfected specimens.
Mean intensity: The average number of parasites per individual in each sample
population, excluding uninfected specimens.
Prevalence and mean abundance of infection were calculated for every host
sample for every month at each site.
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Comparison of abundance of infection across host species by month. As is
common with parasite load data, heavy aggregated (right-hand) skew was observed in
both data sets. To combat this nonnormal distribution, 1 was added to every individual
parasite count to eliminate zeroes from the data set, then a log10 transformation was
performed on each set of parasite counts. A Levene test on the abundances for each
month revealed significantly unequal variances between groups in every month sampled.
Because Welch’s one-way ANOVA and the Games-Howell post hoc test do not assume
equal variances between groups in the samples, these tests were selected for the analysis.
To determine whether the observed differences in infection levels between species in a
site were statistically significant, a Welch’s one-way ANOVA was performed in SPSS on
each month’s collection for each site using log10 transformed abundance of infection as
input. If the ANOVA results were deemed statistically significant, a Games-Howell post
hoc test was performed to compare parasite mean abundance between the host species in
pairwise fashion. To guard against Type I error due to multiple pairwise analyses, a
Bonferroni post hoc test was also performed. The p-value threshold for significance was
set at 0.05 for all ANOVA and post hoc tests (Appendix A).
Linear regression analysis of host standard length vs. parasite load. In cases
where host sample size and parasite load were large enough, linear regression analysis
was performed to determine whether a correlation existed between host standard length
and parasite load. Months from the reproductive season of the hosts were selected for
analysis. Scatter plots were constructed of every selected sample (parasite load against
host standard length). Parasite abundance was plotted against standard length, and the R2
values were calculated to determine the strength of the correlation. In cases where hosts
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separated into discernible groups by standard length on the scatter plots, the host samples
were split into size classes, and the regressions were performed on each size class
separately.
DNA extraction, PCR, and sequencing of host and parasite loci.
For phylogenetic analysis, DNA was extracted from both host and parasite
specimens, amplified through polymerase chain reaction (PCR), and sequenced. The loci
of interest from the hosts were ND2 and S7. The loci of interest for the parasites were
COI and the ITS/18S region that includes ITS1, ITS2, 18S, and 5.8S.
DNA extraction from hosts. Pectoral fin clips were removed from randomly
selected specimens of each host species. The fin clips were placed into individual 1.5 mL
microcentrifuge tubes. Instruments were sterilized by ethanol and a flame before and
after each fin clip removal to prevent contamination. Host DNA was extracted from the
fin tissue using a Qiagen DNEasy blood and tissue kit (catalog number 69506) according
to the instructions for tissue (Appendix B).
DNA extraction from parasite specimens. Individual parasites from each host
species were selected at random and placed into separate 1.5 mL microcentrifuge tubes.
The tubes were incubated at 56 degrees Celsius for 30-45 minutes to evaporate excess
ethanol from the samples. DNA was extracted from each parasite according to the direct
PCR protocol (Appendix B).
Amplification of host and parasite DNA. The extracted host DNA was amplified
through PCR for ND2 with the standard PCR reaction mixture, or through Hotstart PCR
for S7 (Appendix B). Primers for the desired sequences were selected for each host
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species (Chow and Hazama 1998) (Tables 2.3 and 2.4). The extracted parasite DNA was
amplified through direct PCR using a Thermo Scientific Phire Animal Tissue Direct PCR
Kit (catalog number F-140WH) according to protocol (appendix). Primers for the
parasites were customized (Tables 2.5, 2.6, and 2.7). Annealing temperatures were
adjusted for each sample to optimize PCR results.
Exo-AP cleanup of PCR samples. Samples were purified through Exo-AP
cleanup using Exonuclease I (New England Biolabs, M0293S) and Antarctic Phosphatase
(New England Biolabs, M0289S) (Appendix B). Cleaned samples were loaded onto a
plate along with primers to be sequenced.
Sequencing of parasite and host DNA. The PCR products from hosts and
parasites were Sanger sequenced at Eurofins Operon (Huntsville, Alabama).
Table 2.3. PCR Primers and Annealing Temperatures for each host for ND2.
Species
E. atripinne
E. blennioides
E. flabellare
E. flavum
E. luteovinctum
E. nigripinne
E. striatulum
N. telescopus

F primer
ND2_F
ND2_F
ND2_F
ND2_F
ND2_F
ND2_F
ND2_F
ND2_F

R primer
ND2_R
ND2_R
ND2_R
ND2_R
ND2_R
ND2_R
ND2_R
ND2_R
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Annealing temp.
54-56
59
56
54-56
56-59
53-55
54-58
54-56

Table 2.4. PCR Primers and Annealing Temperatures for each host for S7.
Species
E. atripinne
E. blennioides
E. flabellare
E. flavum
E. luteovinctum
E. nigripinne
E. striatulum
N. telescopus

F primer
S7RPEX1F
S7RPEX1F
S7RPEX1F
S7RPEX1F
S7RPEX1F
S7RPEX1F
S7RPEX1F
S7RPEX1F

R primer
S7RPEX2R
S7RPEX2R
S7RPEX2R
S7RPEX2R
S7RPEX2R
S7RPEX2R
S7RPEX2R
S7RPEX2R

Annealing temp.
62
62
60
60-62
60
62
60-62
60-62

Table 2.5. PCR Primers and annealing temperatures used to amplify COI from parasites.
Host Species
E. atripinne

E. blennioides

E. flabellare
E. flavum
E. luteovinctum
E. nigripinne

E. striatulum

N. telescopus

F primer

R primer

Annealing temp.

5_mono
181F
5_mono
311F
37F
37F
5_mono
5_mono
5_mono
5_mono
311F
37F
5_mono
181_F
20_F
20_F
5_mono
181_F
311_F
37_F
5_mono
91F
5_mono
5_mono
4F
4F

645R
3_mono
867R
3_mono
942R
867R
3_mono
645R
867R
3_mono
3_mono
613R
867R
867_R
866_R
3_mono
867_R
866_R
3_mono
613_R
3_mono
3_mono
867R
645R
815R
867R

54
56
54
54
54
54
53
52
54
56
54
54
55
54
54, 56
55, 55.5
55
57 (30 cycles)
54
54,55
50
54,56
53, 54, 55
54
54
57

5_mono

3_mono

54
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Table 2.6. PCR Primers used to amplify 18S from parasites.
Host Species
E. atripinne
E. blennioides
E. flabellare
E. flavum
E. luteovinctum
E. nigripinne
E. striatulum
N. telescopus

F primer

R primer

Annealing temp.

18S1_F
18S1_F
18S1_F
18S1_F
18S1_F
18S1_F
18S1_F
124F
18S1_F

1506R
1506R
1506R
1506R
1506R
1506R
1506R
916R
1506R

68, 65
60
65
66
66
65, 67, 68
53-61
56
65

Table 2.7. Primers used to amplify ITS from parasites.
Host Species
E. atripinne
E. blennioides
E. flabellare
E. flavum
E. luteovinctum
E. nigripinne
E. striatulum
N. telescopus

F primer

R primer

Annealing temp.

441F
441F
441F
441F
441F
441F
441F
441F

1506R
1506R
1506R
1506R
1506R
1506R
1506R
1506R

59
59
59
59
59
59
56, 58
59

Sequence cleanup, alignment, and phylogenetic analysis.
Phylogenetic analysis using the obtained sequences was undertaken to determine
the degree of host specificity in the parasite populations, to search for indicators of hostparasite coevolution, and to search for any parasite species in the population that may be
undescribed.
Sequence cleanup and alignment. Sequences were aligned and cleaned up using
Geneious Pro version 5.6.6 (Kearse et al. 2012), and then the consensus sequences for
each sample were exported in FASTA format. Sequences of insufficient quality for
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further analysis were set aside from the main dataset. The remaining sequences were
aligned in BioEdit version 7.2.5 (Hall 1999) using ClustalW (Larkin et al. 2007).
Sequences from N. telescopus (Telescope Shiner from Estill Fork, AL) were obtained
from specimens in the Stallsmith lab to be used as outgroups for the host trees.
Outgroups for the parasites were selected from Genbank and added to the sequences
(Fasciola hepatica, accession numbers AB553736.1, AB553690.1, and AB553826.1).
Selection of models for analysis. Sequences were read into jModeltest version
2.1.7 (Darriba et al. 2012, Guindon and Gascuel 2003) to select appropriate evolution
models for each gene of interest to be used in the phylogenetic analysis. The likelihood
scores of each model were calculated, and the models recommended by the program
based on the corrected Akaike Information Criterion (AICc) were selected for use.
Bayesian analysis and tree construction. All the host sequences were
concatenated into one nexus file, and all the parasite sequences were concatenated into a
separate nexus file. As the amplified 18S fragments in all specimens were completely
identical, the 18S fragment was deemed uninformative for this analysis and excluded
from the dataset. The Alabama Supercomputer UV cluster was accessed to perform the
analysis. The files were read into MrBayes version 3.2 (Huelsenbeck and Ronquist 2001,
Ronquist and Hueselbeck 2003), and the concatenated sequences were partitioned by
gene as follows: ND2 and S7 for the hosts, and COI, ITS1, ITS2, 5.8S for the parasites.
An MCMC analysis was run for 1,000,000 generations using the models recommended
for each gene by jModelTest. The analysis was stopped when the trees approached
convergence, that is, when the standard deviation of split frequencies fell below 0.01.
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The consensus trees were exported in .con.tre file formats, then converted to Newick
format to examine and edit in Mega 6 (Tamura et al. 2013).
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CHAPTER THREE

RESULTS

A total of 616 darters were collected from Mill Creek over the year (Table 3.1),
and a total of 633 darters were collected from Flat Creek (Table 3.5). Etheostoma
blennioides was not collected from Mill Creek during September and February.
Greenside Darters prefer faster, deeper waters, and in February in particular the water
tends to be more hazardously high and fast, which hindered efforts to collect E.
blennioides In Flat Creek, Etheostoma planasaxatile was not collected during August,
October, or June. The selected collection site may not have been the optimal location for
E. planasaxatile habitat. Etheostoma flavum was not collected during August or October.
In cases where the collection sample size was very small (<10), the results were still
noted, but set aside from statistical analysis.
Four specimens of an unknown darter species were collected from Flat Creek in
August. While heavily parasitized (108 parasites were counted between all four host
individuals), the host sample size was too small to include in the statistical analyses.
However, DNA from both the hosts and the parasites was sequenced and included in the
phylogenetic trees. Based on morphological characteristics and molecular evidence, the
species was tentatively identified as the Striated Darter (Etheostoma striatulum).

32

Variation in parasite load across host species and within host species.
Throughout the year, significant differences in prevalence and mean abundance of
gill parasite infection were observed across sympatric darter species both in Mill Creek
and in Flat Creek. Some seasonal variation in parasite load was observed for several of
the host species in both systems, especially in Mill Creek.
Prevalence and mean abundance of parasite infection in darter species of Mill
Creek. A total of 46 parasites were found on 275 E. atripinne specimens for the year.
297 parasites were found on 158 E. blennioides, and 1763 parasites were observed on 183
E. flabellare for the year. Table 3.2 summarizes the total number of parasites observed
on each species for each month.
Overall, E. atripinne had the lowest prevalence and mean abundance of parasite
infection for every month sampled, with a prevalence range of 0.04 in October to 0.32 in
April. Prevalence of infection in E. blennioides ranged from 0.44 in October and
December to 0.83 in April. Two months of prevalence data are missing for E.
blennioides due to lack of samples. E. flabellare had the highest prevalence of parasite
infection for every month sampled, ranging from 0.64 in December to 0.95 in April.
Table 3.3 and Figure 3.1 summarize all prevalence values for each species by month.
As with prevalence, mean abundance of parasite infection was lowest in E.
atripinne for every month sampled, with a low of 0.04 in October and a high of 0.57 in
April. The lowest mean abundance of infection observed in E. blennioides was 0.44 in
October and December, and the highest mean abundance was 7.83 in April. Mean
abundance of infection was highest in E. flabellare for every month sampled, ranging
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from 0.62 in December to 31.35 in February. Table 3.4 and Figure 3.2 summarize all
mean abundance values for each species by month.
Statistical testing for each month of samples using Welch’s one-way revealed
significant differences in mean abundance of parasite infection between species at a p
value of 0.001 or lower for every month sampled. In instances where ANOVA was
performed, a Games-Howell post hoc test revealed that E. flabellare had significantly
higher mean abundance of parasite infection than either of the other two species. The
Bonferroni post hoc results also revealed significant differences between all groups for
every month at a p level of < 0.05 (appendix).
Peaks in prevalence and in mean abundance of infection were observed during the
breeding months of each host species, particularly during April.
Table 3.1. Host collection totals for Mill Creek by month and species.

Month and year
September 2013
October 2013
December 2013
February 2014
April 2014
June 2014
Total

Total number of each species collected
E. atripinne E. blennioides
E. flabellare
13
28
0
86
55
23
70
18
39
31
25
0
44
6
42
31
79
26
275
158
183
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Table 3.2. Parasite collection totals for Mill Creek by month and
host species.

Month and year
September 2013
October 2013
December 2013
February 2014
April 2014
June 2014
Total

Total number of parasites collected on each species
E. atripinne E. blennioides
E. flabellare
3
79
3
45
79
7
26
183
6
815
25
47
489
2
179
118
46
297
1763

Table 3.3. Prevalence of parasite infection for Mill Creek species by
month.

Month and year
September 2013
October 2013
December 2013
February 2014
April 2014
June 2014
Annual average

Prevalence of infection
E. atripinne
E. blennioides
0.23
0.04
0.44
0.09
0.44
0.16
0.32
0.83
0.07
0.60
0.15
0.58

E. flabellare
0.82
0.78
0.64
0.94
0.95
0.85
0.83

Table 3.4. Mean abundance of parasite infection for Mill Creek species
by month. Values in parentheses are standard error of the mean.
*** = significant differences observed in ANOVA results at p < 0.001.
Superscript letters next to species names indicate that Games-Howell
results revealed significant differences between all three species for all
months sampled at p < 0.05.

Month and year
September 2013***
October 2013***
December 2013***
February 2014***
April 2014***
June 2014***
Annual average

Mean abundance of infection
E. atripinnea E. blennioidesb
0.23 (0.122) 0.04 (0.200) 0.44 (0.172)
0.09 (0.41)
0.44 (0.691)
0.19 (0.086) 0.57 (0.209) 7.83 (3.89)
0.07 (0.045) 2.27 (0.391)
0.20
2.75
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E. flabellarec
0.82 (0.653)
0.78 (0.716)
0.62 (1.203)
31.35 (1.149)
11.64 (1.515)
4.54 (1.035)
8.29

100%
90%
80%
Prevalence

70%
60%
E. atripinne

50%

E. blennioides

40%

E. flabellare

30%
20%
10%
0%
Sep

Oct

Dec

Feb

Apr

Jun

Figure 3.1. Prevalence of infection by month and species in Mill Creek. Prevalence is
represented as a percentage.
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Figure 3.2. Abundance of infection in Mill Creek by month and species. Note the
broken axis where abundance values exceeded the scale of the chart. Error bars
unavailable due to broken axis.
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Standard length vs. parasite load in darters of Mill Creek. Linear regression
analysis revealed a modest, although notable, correlation between host standard length
and parasite load in E. blennioides in April 2014 (Figure 3.3), in E. flabellare in April
2014 (Figure 3.6), and in E. flabellare (size class 2) in June 2014 (Figure 3.8). No linear
relationship was observed between host standard length and parasite load in any of the
other samples (Figures 3.4, 3.5, and 3.7). Only darters within the subgenera of
Catonotus and Etheostoma had large enough host sample sizes and parasite loads to
perform regression analysis. Darters within the subgenera Ulocentra and Oligocephalus
had parasite loads that were too low for regression analysis.

E. blennioides April 2014
Number of Parasites
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25
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y = 0.776x - 41.67
R² = 0.59
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10
5
0

0.00

10.00

20.00
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60.00

70.00

80.00

Standard Length (mm)

Figure 3.3. Standard length vs. parasite load in E. blennioides in April 2014.
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E. blennioides June 2014 (size class 1)
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Figure 3.4. Standard length vs. parasite load in E. blennioides in June 2014, size class 1 (<40
mm).
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Figure 3.5. Standard length vs. parasite load in E. blennioides in June 2014, size class 2 (>40
mm).
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E. flabellare, April 2014
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Figure 3.6. Standard length vs. parasite load in E. flabellare in April 2014.

E. flabellare June 2014 (size class 1)
9
number of parasites

8
7
6
5
4
3
2
1
0
20

22

24

26

28

30

standard length (mm)

Figure 3.7. Standard length vs. parasite load in E. flabellare in June 2014, size class 1 (<30 mm).
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E. flabellare June 2014 (size class 2)
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Figure 3.8. Standard length vs. parasite load in E. flabellare in June 2014, size class 2 (>30 mm).

Prevalence and mean abundance of parasite infection in darter species of Flat
Creek. A total of 33 parasites were found on 83 E. flavum specimens throughout the
year. 88 parasites were found on 250 E. luteovinctum, 2775 parasites were found on 264
E. nigripinne, and 12 parasites were found on 36 E. planasaxatile (tables 3.5 and 3.6).
Only 4 E. striatulum were collected and only during August. 108 parasites were found
on the four individuals. Because of the small sample size for E. striatulum, the
individuals were not included in the analysis of prevalence and mean abundance of
infection.
E. nigripinne had the highest prevalence of parasite infection for every month
sampled, with a range from 0.79 in August to 1.00 in October and December (all
individuals sampled were infected with at least one parasite). The lowest prevalence of
infection in E. planasaxatile occurred in February (0.00), with a peak for the species in
April of 0.40. However, three months of prevalence data are missing for this species due
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to lack of sampling. The lowest prevalence in E. luteovinctum was 0.00 in August, and
the highest mean prevalence was 0.40 in June. In E. flavum, the lowest prevalence of
infection occurred in June (0.11), and the highest prevalence occurred in April (0.46)
(Table 3.7 and Figure 3.9).
The highest mean abundance of parasite infection occurred in E. nigripinne for
every month sampled, with a low of 4.14 in August and a high of 24.65 in December. In
E. flavum, the lowest mean abundance of infection was 0.32 in June and the highest
abundance was 0.77 in April. The lowest mean abundance in E. planasaxatile was 0.00
in February, and the highest mean abundance was 0.40 in December and in April. The
lowest mean abundance of infection in E. luteovinctum was 0.00 in August, and the
highest mean abundance was 0.66 in June. The mean abundance values for each species
by month are summarized in Table 3.8 and Figure 3.10.
Statistical testing using Welch’s one-way ANOVA revealed significant
differences in parasite mean abundance between species for all sampled months (p values
were 0.001 or less). Games-Howell post hoc tests showed the pairwise differences
between each species. While E. nigripinne was observed to have significantly higher
abundance of parasite infection than any of the other species, some overlap was observed
in the mean abundance of infection between E. flavum, E. planasaxatile, and E.
luteovinctum.
Unlike the species in Mill Creek, only one of the species in Flat Creek, E. flavum,
showed a peak in infection during one of the host breeding months. The peak mean
abundance of infection in E. nigripinne occurred in December, the peak mean abundance
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of infection in E. luteovinctum occurred in June, and the mean abundance of infection in
E. planasaxatile peaked in both December and April (only three months of data were
available for E. planasaxatile). However, the peak infection level in E. flavum occurred
in April, during the host breeding cycle.
Table 3.5 Host collection totals for Flat Creek by month and species.
Total number of each species collected
Month and year

E. flavum

E. luteovinctum

E. nigripinne

E. planasaxatile

August 2013

0

13

28

0

October 2013

0

69

12

0

December 2013

16

60

34

25

February 2014

18

31

50

6

April 2014

13

32

79

5

June 2014
Total

19
83

58
250

61
264

0
36

Table 3.6. Parasite collection totals for Flat Creek by month and host
species.
Total number of parasites collected on each species
Month and year

E. flavum

E. luteovinctum

E. nigripinne

E. planasaxatile

August 2013
October 2013
December 2013
February 2014

9
8

0
33
6
1

116
160
838
683

10
0

April 2014
June 2014
Total

10
6
33

10
38
88

586
392
2775

2
12
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Table 3.7. Prevalence of parasite infection for Flat Creek species by
month.
Prevalence of infection
Month and year

E. flavum

E. luteovinctum

E. nigripinne

E. planasaxatile

August 2013
October 2013

-

0.00
0.13

0.79
1.00

-

December 2013
February 2014

0.13
0.33

0.10
0.03

1.00
0.98

0.24
0.00

April 2014
June 2014
Annual average

0.46
0.11
0.26

0.22
0.40
0.15

0.95
0.80
0.92

0.40
0.21

Table 3.8. Mean abundance of parasite for Flat Creek species by month.
Values in parentheses are standard error of the mean.*** = significant
differences observed in ANOVA results at a p level of < 0.001.
Superscripted letters across rows indicate Games-Howell post hoc test
results for each month. Matching letters indicate groups did not differ
significantly. Differing letters indicate significant differences between the
groups at a p level of < 0.05.
Mean abundance of infection
Month and year

E. flavum

E. luteovinctum

E. nigripinne

E. planasaxatile

August 2013***
October 2013***
December 2013***
February 2014***
April 2014***
June 2014***
Annual average

0.56abd(0.500)
0.44a(0.145)
0.77ab(0.323)
0.32ab(0.230)
0.52

0.00 (0.00)
0.48 (0.336)
0.1abd (0.039)
0.03b(0.032)
0.31ab(0.138)
0.66ab(0.142)
0.26

4.14 (0.707)
13.33 (2.975)
24.65c(3.185)
13.66c(1.352)
7.41c(0.841)
6.43c(1.076)
11.60

0.40abd(0.153)
0.00 (0.00)
0.40(0.245)
0.27
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Figure 3.9. Prevalence of infection in Flat Creek by species and month.
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Figure 3.10. Mean abundance of infection in Flat Creek by species and month. Error
bars are standard error of the mean.
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Standard length vs. parasite load in darters of Flat Creek. Linear regression analysis
revealed a very weak correlation between host standard length and parasite load in E.
nigripinne in April 2014. Only E. nigripinne had large enough host sample sizes and
parasite loads to perform regression analysis.

E. nigripinne April 2014
Number of Parasites
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y = 0.477x - 8.910
R² = 0.19
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Figure 3.11. Standard length vs. parasite load in E. nigripinne in April 2014.
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Figure 3.12. Standard length vs. parasite load in E. nigripinne in June 2014, size class 1
(< 36 mm).
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Figure 3.13. Standard length vs. parasite abundance in E. nigripinne in June 2014, size
class 2 (>36 mm).
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Phylogenetic analysis of host and parasite assemblages. A total of twelve
concatenated host sequences (plus outgroup) were incorporated into a phylogenetic tree
of the darters collected from Flat Creek. Sixteen concatenated sequences (plus outgroup)
were used to construct a phylogenetic tree of the darters collected from Mill Creek. 104
sequences (plus outgroup) were used to construct a tree of the parasites found on hosts
from Flat Creek, and 9 concatenated sequences (plus outgroup) were used to construct a
tree of the parasites found on hosts from Mill Creek. Tables 3.9 and 3.10 summarize the
type and length (in base pairs) of the sequences used in the phylogenetic analysis, and the
evolutionary models used for each gene.
Table 3.9. Genes, sequence lengths (in base pairs) used in phylogenetic analysis, plus
models used for each gene in Mill Creek.
Gene
ND2 (host)
S7 (host)
COI (parasite)
ITS1 (parasite)
ITS2 (parasite)
5.8S (parasite)

DNA type
Mitochondrial
Nuclear
Mitochondrial
Nuclear
Nuclear
Nuclear

Length (base pairs)
889
515
407
469
427
106

Model
GTR + I + G
HKY
GTR + G
HKY
HKY + G
SYM

Table 3.10. Genes, sequence lengths (in base pairs) used in phylogenetic analysis, plus
models used for each gene in Flat Creek.
Gene
ND2 (host)
S7 (host)
COI (parasite)
ITS1 (parasite)
ITS2 (parasite)
5.8S (parasite)

DNA type
Mitochondrial
Nuclear
Mitochondrial
Nuclear
Nuclear
Nuclear

Length (base pairs)
972
496
468
610
394
155
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Model
GTR + I + G
HKY
GTR + G
K80 + G
K80
K80

Mill Creek phylogenetic trees. A polytomy was observed in the phylogenetic tree
of the darters found in Mill Creek (Figures 3.14 and 3.16). Attempts to resolve the
polytomy were unsuccessful. On the phylogenetic tree constructed for the Mill Creek
parasites (Figures 3.15 and 3.16), two of the parasites found on E. atripinne appeared
very distant from the other parasites genetically. Addition of a Gyrodactylus taxon to the
tree caused both parasites to group with the gyrodactylid with strong support
(Gyrodactylus derjavinoides, accession numbers NC_010976.1 and DQ357215.1). One
of the parasites found on E. blennioides did not group with any of the other parasites.
The other parasite found on E. blennioides grouped somewhat closely with the parasites
found on E. atripinne, although it still appeared distinct from the E. atripinne parasites.
Otherwise, parasites found on the same host species demonstrated a tendency to group
together into the same clade on the tree. Probability values for all clades was very high
(90 or higher).
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Figure 3.14. Phylogenetic tree constructed for darters found in Mill Creek. Outgroup is
Notropis telescopus (Telescope Shiner) from Estill Fork of the Paint Rock River, AL.
Numbers on branches are Bayesian probability values.
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Figure 3.15. Phylogenetic tree constructed for parasites found in Mill Creek. Outgroup
is Fasciola hepatica (common liver fluke). Numbers on branches are Bayesian
probability values.

Figure 3.16. Condensed phylogenetic trees for Mill Creek darters (left) and gill parasites (right)
based on Bayesian Analysis. Numbers right of names are number of individuals that make up
each branch. Parasites are labeled to match the host species on which they were found.
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Flat Creek phylogenetic trees. The darters collected from Flat Creek resolved
into five distinct clades with high support for most clades (Figures 3.17 and 3.19). One
darter previously identified as E. nigripinne was observed to be separate from all the
other darters identified as nigripinne, although it was grouped closely with the others on
the tree.
One parasite found on an E. nigripinne host was grouped with other parasites
found on nigripinne, but the branch length of the taxon compared to the others was
extremely long. Attempts to positively identify the genus or species of the parasite using
BLAST and Genbank were unsuccessful. The parasite was noted as an aberration,
possibly due to a sequencing error, and set aside from the analysis (Figure 3.18).
Overall parasites that were collected from the same host species were grouped
together on the phylogenetic tree with high support, although two parasites found on E.
nigripinne grouped with a parasite found on E. flavum (Figures 3.18 and 3.19). Some
congruence was observed between the host and parasite trees constructed from Flat Creek
species, but the topologies were not identical in all cases.
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Figure 3.17. Phylogenetic tree constructed for darters found in Flat Creek. Outgroup is
Notropis telescopus (Telescope Shiner) from Estill Fork of the Paint Rock River, AL.
Numbers on branches are Bayesian probability values.
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Figure 3.18. Phylogenetic tree constructed for parasites found in Flat Creek. Outgroup is
Fasciola hepatica (common liver fluke). Numbers on branches are Bayesian probability
values.

Figure 3.19. Condensed phylogenetic trees for Flat Creek Darters (left) and gill parasites (right)
based on Bayesian Analysis. Numbers right of names are number of individuals that make up
each branch. Parasites are labeled to match the host species on which they were found.

53

CHAPTER FOUR

DISCUSSION

Although this study was conducted at two distinct sites, each with its own unique
features, several overarching observations emerged that are applicable to both systems.
Not only were there clear differences in parasite loads between sympatric darter species
throughout the year, but the differences were linked to the subgenera of the hosts.
Furthermore, peaks in parasite infection occurred during the breeding season of all of the
host species in Mill Creek, but only one of the host species in Flat Creek. While the
correlation between host body length and parasite load was modest, it is still noteworthy.
In all cases the parasites demonstrated high host specificity, and phylogenetic analysis
supports coevolution, if not cospeciation, between host and parasite.
Variation in prevalence and mean abundance of parasite infection within
and across darter species. In both Flat Creek and Mill Creek, sympatric darter species
showed clear differences in parasite loads, a pattern that was maintained throughout the
year. Furthermore, some seasonal variation was observed within several host species that
appears to be tied to the hosts’ reproductive cycle.
Parasite load differences and host subgenera. In both systems, darters within the
subgenus Catonotus (E. flabellare in Mill Creek and E. nigripinne in Flat Creek) had the
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highest prevalence and mean abundance of gill parasite infection by a large margin
throughout the year. In contrast, darters within the subgenus Ulocentra (E. atripinne in
Mill Creek and E. flavum and E. planasaxatile in Flat Creek) showed very low
prevalence and mean abundance of parasite infection. Very few, if any, individuals were
infected, and those infected rarely had more than one parasite. This was also the case
with E. luteovinctum in Flat Creek.
A similar pattern was observed in darters inhabiting Estill Fork of the Paint Rock
River, in which Tennessee Snubnose Darters, E. simoterum (subgenus Ulocentra) yielded
very low parasite loads throughout an entire year. In the same study, Stripetail Darters
(E. kennicotti, subgenus Catonotus) were observed to have very high parasite loads for
both months sampled (Hanson and Stallsmith 2013). In an unpublished follow-up study
in Estill Fork, E. kennicotti were confirmed to have heavy parasite loads during every
month sampled over a year, while E. simoterum and E. caeruleum (Rainbow Darter,
subgenus Oligocephalus) had very low levels of parasite infection (K. Million). The
Rainbow Darter shares a subgenus with E. luteovinctum, a species in Flat Creek also
observed to be relatively free of gill parasite infection. The same pattern is present in an
unpublished year-long survey of darters inhabiting the Flint River in North Alabama, in
which E. simoterum, E. duryi, and E. caeruleum were nearly free of gill parasites, but E.
kennicotti were heavily infected (K. Million).
It is currently unclear why darters within Catonotus are so heavily parasitized by
monogenoideans compared to sympatric darters within Ulocentra and Oligocephalus.
One possibility is that differences in microhabitat preferences between darters impacts
the success of the monogenoideans in colonizing their hosts. The microhabitat
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preferences of Catonotus darters could be a factor in facilitating the ability of the
parasites to locate and attach to their preferred hosts. Darters within this subgenus at both
sites were most frequently collected from slower, murkier water full of debris. Other
species, by contrast, were collected from faster, clearer running water. The parasites
could attach to their hosts with greater ease in slow, turbid water. This could account for
the heavier parasite loads observed on darters within Catonotus. Further observational
and experimental research is required to determine if such a relationship exists between
host microhabitat partitioning and parasite colonization.
Another possible explanation is that darters within Ulocentra and Oligocephalus
have more robust immune defenses against gill parasite infection. The role of the
immune system in parasite-host arms races is well established, but little or no research
has been conducted on darter immunity to parasite infection. An investigation into
possible resistance mechanisms some darter species may have to parasite infection could
yield significant insight into the ways host populations can evolve to resist parasitism.
Genetics could also play a role in parasite resistance in darter populations.
Although costly to maintain, genetic parasite resistance factors are frequently observed in
natural populations. Extensive research has uncovered some of the genetic components
of parasite resistance in multiple model invertebrate host systems (Carton et al. 2005) as
well as many vertebrate hosts.
MHCs and parasite resistance. Recent research in stickleback populations has
indicated that variation in major histocompatibility complex (MHC) genes is maintained
in populations, at least in part, by selection pressures exerted by parasites (Eizoguirre et
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al. 2012). At the community level, it has been shown that MHC variability is often
modulated in communities where similar host species are infected by similar parasites.
One possible way to extend the findings of this study is to search for MHC
polymorphisms in darter populations and determine if any significant differences in MHC
polymorphisms exist between heavily infected and lightly infected darter species.
Immunogenicity is quickly emerging as a driving force in the evolution of parasite-host
networks. Studies such as this one can pave the way to further investigate the role of the
immune system in parasite-host arms races.
Seasonal variation within host species. In addition to the differences in parasite
prevalence and mean abundance across darter species, variation in parasite load was
observed within darter species throughout the year. Peaks in prevalence and mean
abundance of infection were observed in each host species at Mill Creek, most of which
occurred during the breeding season of the hosts (February to May). Intuitively this
pattern is reasonable, as the stress of reproduction may make the hosts more susceptible
to infection during their breeding months. On a broader scale, however, much research
has gone into investigating the connection between parasite activity and host
reproduction.
Zuk and McKean were among the first to call attention to the connection between
parasitism and host reproductive strategies (Zuk and McKean1996). While in some cases
the effect of parasitism on host reproduction is extreme, as with parasitic castration
(Blower and Roughgarden 1988), in other cases the host is observed to employ a tradeoff between life history strategies, including reproduction, and parasite defenses. In
Telescope Shiners, increased infection levels of monogenoidean gill parasites were
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linked to decreased GSI (gonadosomatic index, a measure of reproductive condition) in
the hosts (Adrian et al. 2012). It is unclear whether the host’s reproductive efforts are
directly impacted by parasite infection, or if the host is diverting energy away from
reproductive efforts in response to infection. In other cases, it is strongly suspected that
in response to parasite infection, hosts may trade off reproductive effort for costly
defenses against infection (Forbes et al 1993). However, observational and experimental
evidence for such trade-offs is limited (Sheldon and Verhulst 1996). In Sticklebacks
(Gasterosteus aculeatus), fecundity compensation was observed in populations infected
with the cestode Schistocephalus solidus (Heins 2012). Infected females compensated
for nutrient theft by the parasites by producing larger clutches of smaller eggs than their
uninfected counterparts. A similar study is currently in progress on Fantail Darters native
to Mill Creek, to determine if similar fecundity compensation occurs in infected female
darters (K. Million and C. Tarver). The results of the study may provide further insight
into the impact monogenoidean gill parasites have on darter reproductive efforts.
The infection peaks observed in the darters of Mill Creek and Flat Creek during
the reproductive seasons of the hosts suggest that as in other systems, a connection exists
between parasitism and reproduction in darters. Further research is required to elucidate
the exact nature of the relationship and the impact that parasite and host have on each
other’s life histories.
It would also be worthwhile to carry out more surveys in both Flat Creek and Mill
Creek over multiple years to determine if parasite-host interactions vary inter-annually.
The gill parasite life cycle does not extend much further beyond a single year, however;
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thus a year-long study is adequate to determine the basic structure of the dartermonogenoidean community.
Host body size and parasite load. A modest correlation was observed between
host standard length and abundance of parasite infection in darters who were infected
enough to measure the relationship. A similar relationship between host body size and
parasite load was observed by Hanson and Stallsmith (2013) in darters of Estill Fork.
Such a result is not entirely unexpected, as presumably larger and older fish can sustain a
larger parasite population and have had more time to accumulate infections. However,
previous studies of fish host length and age and parasite loads have revealed only weak,
marginally significant correlations, and that the true relationships or non-relationships
may be obscured by ―statistical noise‖ (Poulin 2000).
Recently it has been speculated that host sample size in studies of fish and
parasite communities can influence the strength of correlation between parasite
aggregation and another factor such as host body size (Poulin 2013). The larger the
sample sizes, the higher the probability of capturing the rare host specimens that carry the
high parasite aggregations.
It is possible that the observed correlation in this study between host body length
and parasite load would have been stronger had a larger number of hosts been included in
the analysis. Based on our results, a relationship between darter body length and
intensity of infection may exist, but larger sampling and corrections for statistical
obfuscations are required to determine the exact nature of the relationship and whether or
not it is unique to this parasite-host system or generalizable to other parasite-host

59

communities. Our results are not necessarily insignificant, but they may be problematic
to interpret at this point.
Host specificity, biodiversity, and coevolution in darter and monogenoidean
gill parasite communities. In both Flat Creek and Mill Creek, molecular evidence
supports a very high degree of host specificity in monogenoideans that infect darters.
While phylogenetic analysis does not necessarily support cospeciation between parasite
and host, it does support a coevolutionary relationship on at least a subgeneric level.
Furthermore, molecular evidence and the high host specificity of the parasites suggest the
existence of several undescribed species within Aethycteron.
Host specificity. Parasites that were found on the same host species generally
grouped closely together on the phylogenetic trees. Even in cases where DNA from
dozens of parasites from a single host individual was sequenced, as with E. nigripinne
and E. striatulum, the parasites all grouped together as a single species distinct from other
parasites found on other hosts. Two exceptions were observed in parasites found on E.
nigripinne, but the overwhelming majority of the parasites still grouped together. It is not
impossible for host specific parasites to occasionally succeed in colonizing a different
host, especially if the two hosts are closely related. Such cases often lead to host shift
events. Another possibility is that the parasite found on E. flavum and the two found on
E. nigripinne that grouped with it are part of a more generalist species present in low
numbers on the hosts. The use of both mitochondrial and nuclear DNA in this analysis
further strengthens the observation that parasites within Aethycteron demonstrate high
host specificity, with at least one unique parasite species infecting each darter species.
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Host specificity is a commonly observed phenomenon in monogenoidean
parasites, although the degree thereof varies widely (Bakke et al. 2002). Some difficulty
has been encountered in pinpointing the factors that influence host specificity in
monogenoideans, although some links have been observed between gill parasite host
specificity and host phylogeny and parental care in cichlids (Mendlova and Simkova
2014). Further research is needed to investigate the factors that may contribute to the
high host specificity exhibited by darter gill parasites.
One aspect of parasite host specificity that has attracted much scholarly attention
is the mechanisms by which the parasites locate and recognize their preferred hosts. The
prevailing explanation is that the mechanism is chemosensory (Buchmann and
Lindenstrom 2002), and that the parasites recognize and respond to attractants secreted
by the host (Chaisson and Hallem 2012). Monogenoidean skin parasites (Entobdella
soleae) infecting common sole (Solea solea) were observed to respond to agar jellies
infused with attractants produced by the mucus cells of the host epidermis (Kearn 1967).
A chemosensory recognition mechanism in darter gill parasites is a plausible
explanation for the ability of the parasites to locate their preferred host species.
Experimental data are required to confirm this possibility and to determine whether
monogenoidean gill parasites are host-specific by necessity or because host specificity
confers some kind of advantage to the parasite. Gill parasites present unique challenges
to experimental efforts, however. It is difficult to conduct any kind of analysis of gill
parasites without killing the host on which the parasite is found, which is why
experimental research on skin parasites, such as gyrodactylids, is much more commonly
performed. Despite the challenges, experimental work with gill parasites would be a
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rewarding venture, as gill parasitism is a common problem in commercial fish
populations and aquarium fish. Furthermore, studies on gill parasitism would open up
the possibility of comparing the degree of host specificity and the life history strategies of
gill parasites to those of skin parasites.
Host-parasite coevolution. Some congruence was observed between host and
parasite phylogenies from Flat Creek, suggesting a coevolutionary relationship of some
kind between darters and their gill parasites. However, the tree topologies were not
identical. The polytomy in the Mill Creek darter tree complicates the attempt to detect
congruence between the host and parasite trees. Lack of data is the most likely cause of
the lack of resolution in the host tree. In previously published darter phylogenies, E.
atripinne and E. blennioides are typically grouped more closely to one another, while E.
flabellare is more distantly related to the other two species (Near et al. 2011). This
pattern is mirrored in the parasite phylogeny, where the parasites found on E. atripinne
and E. blennioides group more closely together. The construction of a host phylogenetic
tree containing a more substantial data set could resolve the polytomy between the darter
species and present a clearer picture of the congruence (or lack thereof) between the
parasite and host phylogenies. Host and parasite phylogenies have been identified as
reasonably strong predictors of coevolutionary relationships. However, even in cases
where coevolution is occurring, Fahrenholz’s rule is almost never obeyed perfectly in
nature. In the case of the pocket gophers and chewing lice, a significant amount of
congruence between the host and parasite phylogenies was observed, but there were still
incongruencies between the trees (Hafner and Nadler 1994). Parasite-host coevolution
studies are often complicated by host shift events in which a parasite originally infects
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one host and over time successfully colonizes a different host. Host shift events will
affect the level of congruence between host and parasite phylogenies, and can be difficult
to tease out apart from the true evolutionary history of each set of organisms.
One major distinction that must be made is the difference between coevolution
and cospeciation. Coevolution occurs when two or more sets of organisms shape one
another’s evolutionary histories on some level. Parasites and hosts are thought to
coevolve largely in part due to the ―arms race‖ that occurs between them as the parasite
evolves to better exploit the host and the host evolves to fend off parasite infection.
Cospeciation is a form of coevolution in which parasite speciation events occur in tandem
with those of the hosts. When a new host species emerges, a new parasite species
emerges along with it. To detect cospeciation between two sets of organisms, the
divergence times of each group must be calculated using molecular clocks. If the
speciation events occur along similar timelines, then the two groups are most likely
cospeciating. If not, then cospeciation is not likely occurring, and there is some other
relationship dynamic at work.
Cospeciation is thought to be more common in specialist parasites than in
generalists, but with the added caveat that for specialists that have a free-living stage in
their life cycle during which they locate their hosts, cospeciation is much more rare
(Ronquist 1998). As these gill parasites do have a free-living larval phase, it is possible
(even probable) that cospeciation is not occurring between darters and their gill parasites,
despite the high level of specialization the parasites display towards their hosts.
However, this does not mean that darters and their parasites are not coevolving in some
fashion. The parasites may be speciating independently of their hosts, but this does not
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preclude the possibility that their evolutionary trajectory is still being influenced to some
extent by the hosts. Cospeciation is only one of several possible coevolutionary
mechanisms that could be occurring. Alternatives include duplication events (parasites
speciate in a similar fashion to the hosts, although independently), host shifts associated
with speciation, and sorting events in which parasites disappear from host lineages
(Ronquist 1998). A more detailed analysis of the parasite-host system is required to
determine the exact mechanisms of coevolution that may be taking place.
Undescribed parasite species. Eleven species of Aethycteron were described by
Beverly-Burton et al. (1982). Hanson and Stallsmith (2013) recently proposed
Aethycteron simoterum as a species that infects Etheostoma simoterum in Estill Fork.
Due to the high host specificity and the clear separation between parasite groups on the
phylogenetic trees, the parasites found on the following darter hosts are determined to be
undescribed novel species (at least one per host species): E. atripinne, E. blennioides, E.
flavum, E. luteovinctum, E. nigripinne, E. striatulum.
Microscopy and photography are currently being carried out on mounted parasite
specimens to aid in species description. In the photos in figure 4.1, the parasites found on
E. atripinne and E. blennioides resemble one another more closely than the parasite
found on E. flabellare. This is an interesting observation in light of the fact that of the
three host species, E. atripinne and E. blennioides group more closely together on darter
phylogenetic trees (Near et al. 2011). More photography and morphological analysis is
required to determine the extent to which the parasites are morphologically adapted to
their preferred hosts and to what extent the relationships between the parasites mirror the
relationships between the hosts. However, the morphological description of novel
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species in Aethycteron may be complicated by the presence of cryptic species complexes,
a common issue in taxonomy. Although some parasite species may have nearly identical
characteristics, they may also differ significantly from one another genetically. For now,
molecular evidence strongly supports the conclusion that almost all of the observed
parasite species in this study are undescribed, with the possible exception of A. moorei on
E. flabellare.

Figure 4.1. Compound microscope images (100x) of parasites found on Mill Creek hosts.
Top left: parasite found on E. atripinne. Top right: parasite found on E. blennioides.
Bottom: parasite found on E. flabellare.
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Catonotus darters in Flat Creek. Flat Creek presented some unique issues
concerning the darters within the subgenus Catonotus, mainly due to the occurrence of
introgression between Catonotus species in the Duck River system. This study revealed
the presence of a relatively rare darter species in the collection site. Furthermore, some
genetic ambiguities were observed in the E. nigripinne population.
Striated Darters in Flat Creek. During August 2013, four darters of thenunknown species identity were collected along with the other species. Although only
four were collected, 108 parasites were counted between them. They grouped together
on the host phylogenetic tree, and all their parasites grouped closely together as one
species. A BLAST search using both genes sequenced revealed a 99% match with E.
striatulum, the Striated Darter. Morphological analysis supported the identification of the
species as striatulum. Striated Darters currently have an IUCN ranking of 3.1
(Vulnerable) due to their narrow range (NatureServe 2013). Their rarity would explain
why individuals were only collected at the site one month out of the year, and only four
were found.
One puzzling aspect of this species is the heavy parasite loads observed on the
individuals. The typical life span of the Striated Darter is only a year (Kuehne and
Barbour 2015), giving the hosts a relatively short time to be so heavily colonized by gill
parasites. A follow-up study of parasite infection in this species may be useful, but
somewhat risky due to the vulnerable status of the host.
Introgression in Catonotus species of the Duck River. Although most of the E.
nigripinne individuals collected from Flat Creek resolved into a well-defined clade on the
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host phylogenetic tree, one individual separated from the others. BLAST searches
grouped the one individual the most closely with E. nigripinne, but all other individuals
were grouped the most closely with E. crossopterum, a species that does not co-occur
with E. nigripinne. Coalescent phylogenetic analysis has uncovered several instances of
introgressive hybridization between E. nigripinne and other darters in this river system
(Harrington et al. 2012). Introgression creates multiple problems in phylogenetic studies
and may account for some of the ambiguities observed in the individuals collected for
this study. It would be worthwhile to conduct a more in-depth analysis of Catonotus
species in this river system and their parasites to see if host introgression affects host
specificity and speciation patterns of the parasites.
Conclusions. This study set out to answer several important research questions.
Not only were some of these questions answered, but another set of fascinating questions
were raised that could be addressed in future research.
Differences in gill parasite prevalence and mean abundance within and between
darter species. In both Flat Creek and Mill Creek, significant differences in prevalence
and mean abundance of parasite infection were observed between sympatric darter
species. Darters within the subgenus Catonotus were observed to be very heavily
infected, while darters within Ulocentra and Oligocephalus had much lower levels of
infection. These findings are consistent with previous observations concerning darters
within these subgenera. The reasons for these differences in parasite load between
darters species are currently unknown, although microhabitat partitioning between the
hosts and variation in host immune defense against infection are possible explanations
open to further exploration.
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Seasonal variation in parasite prevalence and mean abundance was observed in all
darter species in Mill Creek, with the heaviest infections usually occurring during the
host breeding season. This is by no means the first time parasitism has been tied to host
reproductive efforts. The darter-monogenoidean system presents an appealing option for
further investigation of the relationship between parasite infection and host reproductive
strategies.
Host body length and parasite load. Although a small correlation was observed
between host body length and parasite load in several darter species, the interpretation of
this correlation is limited by small sample sizes. On an intuitive level, however, it is not
unreasonable to speculate that larger, older fish can sustain more parasites and have had
more time to accumulate infections. A follow-up study in which larger host samples are
collected could better elucidate the strength of the relationship between host body length
and parasite infection.
Host specificity of gill parasites. A high degree of host specificity was observed
in monogenoidean gill parasites infecting both darter assemblages. At least one unique
parasite species was found on each darter species examined. This finding raises several
interesting questions for future research: why are the gill parasites specializing to such an
extreme degree? Furthermore, how are the parasites able to recognize and colonize their
preferred host species? While previous research suggests some possible answers to these
questions, further work is required to determine the causes and mechanisms of host
specificity in this group of parasites.
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Coevolution between hosts and parasites. Phylogenetic analysis uncovered some
congruence between host and parasite phylogenies and the aforementioned host
specificity. However, tree topologies were not identical and no data were gathered on
speciation timelines within each set of organisms. While host and parasite trees
constructed from species from both sites support a coevolutionary relationship of some
kind, it is doubtful that the parasites are cospeciating directly with their hosts. More indepth phylogenetic approaches could shed more light on the exact mechanisms by which
the hosts are shaping the parasites’ evolutionary trajectories, and vice versa.
Undescribed parasite species. Molecular evidence supports the existence of
multiple undescribed parasite species within Aethycteron. Microscopy and photography
are currently underway to aid in morphological description of these novel species. With
about 250 darter species currently described and an extreme degree of host specificity
exhibited by parasites within Aethycteron, there may be hundreds of parasite species
within this genus yet to be described and named. The southeastern United States is a
well-known hotspot for biodiversity, but researchers may have only scratched the surface
in documenting its wealth of macrofauna and microfauna—a wealth that is rapidly
disappearing due to anthropogenic effects. Few consider the fact that the extinction of a
host species can also entail the loss of an entire community of parasites and symbionts
(Justine et al. 2012). There remains much work to be done studying, protecting, and
managing the immensely diverse communities that exist in freshwater systems.
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APPENDIX A

Statistical Test Results from Mean Abundance Comparisons

Table A.1. Welch’s one-way ANOVA results from comparison of mean abundance of
parasite infection between darter species of Mill Creek for September 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

6.882

1

Sig.
39

.012

ANOVA
log10_abundance
Sum of Squares

Df

Mean Square

Between Groups

1.293

1

1.293

Within Groups

3.147

39

.081

Total

4.440

40

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

27.856

df2
1

Sig.

38.526

.000

a. Asymptotically F distributed.
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F
16.018

Sig.
.000

Table A.2. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Mill Creek for October 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

135.897

2

Sig.
161

.000

ANOVA
log10_abundance
Sum of Squares

Df

Mean Square

Between Groups

4.617

2

2.309

Within Groups

6.358

161

.039

10.975

163

Total

F

Sig.

58.460

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

33.736

df2
2

Sig.

42.843

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval

Bonferroni

(I) species

(J) species

Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound

atripinne

blennioides

-.17653*

.03431 .000

-.2595

-.0935

flabellare

-.49386*

.04665 .000

-.6067

-.3810

*

.03431 .000

.0935

.2595

-.31733*

.04934 .000

-.4367

-.1979

atripinne

.49386

*

.04665 .000

.3810

.6067

blennioides

.31733*

.04934 .000

.1979

.4367

blennioides

-.17653

*

.03242 .000

-.2545

-.0985

flabellare

-.49386*

.07824 .000

-.6902

-.2975

*

.03242 .000

.0985

.2545

-.31733*

.08427 .002

-.5252

-.1094

atripinne

.49386

*

.07824 .000

.2975

.6902

blennioides

.31733*

.08427 .002

.1094

.5252

blennioides atripinne
flabellare
flabellare

Games-Howell atripinne

blennioides atripinne
flabellare
flabellare

.17653

.17653

*. The mean difference is significant at the 0.05 level.
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Table A.3. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Mill Creek for December 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

62.432

2

Sig.
124

.000

ANOVA
log10_abundance
Sum of Squares
Between Groups

Df

Mean Square

5.514

2

2.757

Within Groups

10.786

124

.087

Total

16.300

126

F

Sig.

31.696

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

21.710

df2
2

Sig.

32.675

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval

Bonferroni

(I) species

(J) species

atripinne

blennioides

Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
-.20463*

.07794 .029

-.3938

-.0155

*

.05893 .000

-.6113

-.3253

.20463*

.07794 .029

.0155

.3938

*

.08404 .006

-.4676

-.0597

.46830*

.05893 .000

.3253

.6113

blennioides

.26367

*

.08404 .006

.0597

.4676

blennioides

-.20463*

.07819 .044

-.4044

-.0048

*

.07583 .000

-.6529

-.2837

.20463*

.07819 .044

.0048

.4044

*

.10773 .047

-.5246

-.0027

.46830*

.07583 .000

.2837

.6529

*

.10773 .047

.0027

.5246

flabellare
blennioides atripinne
flabellare
flabellare

Games-Howell atripinne

atripinne

flabellare
blennioides atripinne
flabellare
flabellare

atripinne
blennioides

-.46830

-.26367

-.46830

-.26367

.26367

*. The mean difference is significant at the 0.05 level.
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Table A.4. Welch’s one-way ANOVA results from comparison of mean abundance of
parasite infection between darter species of Mill Creek for February 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

27.676

1

Sig.
110

.000

ANOVA
log10_abundance
Sum of Squares

Df

Mean Square

Between Groups

15.185

1

15.185

Within Groups

13.580

110

.123

Total

28.764

111

F
123.001

Sig.
.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

265.072

df2
1

Sig.

107.858

.000

a. Asymptotically F distributed.

Table A.5. Welch’s one-way ANOVA results from comparison of mean abundance of
parasite infection between darter species of Mill Creek for April 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

9.846

1

Sig.
84

.002

ANOVA
log10_abundance
Sum of Squares
Between Groups
Within Groups
Total

Df

Mean Square

15.348

1

15.348

7.539

84

.090

22.887

85

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

167.053

df2
1

Sig.

65.125

.000

a. Asymptotically F distributed.
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F
171.009

Sig.
.000

Table A.6. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Mill Creek for June 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

24.985

2

Sig.
133

.000

ANOVA
log10_abundance
Sum of Squares
Between Groups

Df

Mean Square

4.848

2

2.424

Within Groups

13.691

133

.103

Total

18.539

135

F

Sig.

23.550

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

55.963

df2
2

Sig.

54.866

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval

Bonferroni

(I) species

(J) species

atripinne

blennioides

Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
-.32607*

.06800 .000

-.4909

-.1612

*

.08532 .000

-.7845

-.3708

.32607*

.06800 .000

.1612

.4909

*

.07254 .002

-.4275

-.0757

.57767*

.08532 .000

.3708

.7845

blennioides

.25161

*

.07254 .002

.0757

.4275

blennioides

-.32607*

.04271 .000

-.4278

-.2243

*

.07362 .000

-.7603

-.3950

.32607*

.04271 .000

.2243

.4278

*

.08294 .011

-.4532

-.0501

.57767*

.07362 .000

.3950

.7603

*

.08294 .011

.0501

.4532

flabellare
blennioides atripinne
flabellare
flabellare

Games-Howell atripinne

atripinne

flabellare
blennioides atripinne
flabellare
flabellare

atripinne
blennioides

-.57767

-.25161

-.57767

-.25161

.25161

*. The mean difference is significant at the 0.05 level.
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Table A.7. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Flat Creek for August 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

35.710

1

Sig.
39

.000

ANOVA
log10_abundance
Sum of Squares

Df

Mean Square

Between Groups

2.902

1

2.902

Within Groups

3.939

39

.101

Total

6.841

40

Robust Tests of Equality of Meansb
log10_abundance
Statistica
Welch

df1
.

df2
.

Sig.
.

.

a. Asymptotically F distributed.
b. Robust tests of equality of means cannot be performed for
log10_abundance because at least one group has 0 variance.

76

F
28.726

Sig.
.000

Table A.8. Welch’s one-way ANOVA results from comparison of mean abundance of
parasite infection between darter species of Flat Creek for October 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

10.457

1

Sig.
79

.002

ANOVA
log10_abundance
Sum of Squares

df

Mean Square

Between Groups

9.515

1

9.515

Within Groups

4.385

79

.056

13.900

80

Total

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

68.231

df2
1

Sig.

11.971

.000

a. Asymptotically F distributed.
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F
171.409

Sig.
.000

Table A.9. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Flat Creek for December 2013.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

12.163

3

Sig.
131

.000

ANOVA
log10_abundance
Sum of Squares
Between Groups
Within Groups
Total

df

Mean Square

40.816

3

13.605

4.724

131

.036

45.540

134

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

227.630

df2
3

Sig.

39.868

.000

a. Asymptotically F distributed.
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F
377.268

Sig.
.000

Table A.9 continued.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval

Bonferroni

(I) species

(J) species

flavum

planasaxatile

Mean Difference (I-

Std.

J)

Error

nigripinne

-.02197

planasaxatile flavum

.04835

.05343 1.000

-.0948

.1915

.02197

.06080 1.000

-.1409

.1848
-1.0859

.07032

.04521

.733

-.0508

.1914

1.24192*

.05757

.000

1.0877

1.3962

planasaxatile

1.21995

*

.05003

.000

1.0859

1.3540

luteovinctum

1.29027*

.04076

.000

1.1811

1.3995

-.04835

.05343 1.000

-.1915

.0948

-.07032

.04521

.733

-.1914

.0508

*

.04076

.000

-1.3995

-1.1811

-.02197

.07184

.990

-.2190

.1751

*

.07735

.000

-1.4512

-1.0326

.04835

.06245

.865

-.1302

.2269

.02197

.07184

.990

-.1751

.2190

-1.21995*

.06017

.000

-1.3792

-1.0607

.07032

.03921

.297

-.0366

.1772

1.24192*

.07735

.000

1.0326

1.4512

planasaxatile

1.21995

*

.06017

.000

1.0607

1.3792

luteovinctum

1.29027*

.04858

.000

1.1596

1.4209

-.04835

.06245

.865

-.2269

.1302

-.07032

.03921

.297

-.1772

.0366

*

.04858

.000

-1.4209

-1.1596

flavum

nigripinne

-1.29027

planasaxatile
nigripinne

-1.24192

luteovinctum
planasaxatile flavum
nigripinne
luteovinctum
nigripinne

-1.0877

-1.3540

planasaxatile

Howell

-1.3962

.000

luteovinctum flavum

flavum

.000

.05757

.05003

luteovinctum

Games-

Bound

-1.21995*

nigripinne

nigripinne

Bound

.1409

*

.06080 1.000

Upper

-.1848

-1.24192

luteovinctum

Sig.

Lower

flavum

luteovinctum flavum
planasaxatile
nigripinne

-1.29027

*. The mean difference is significant at the 0.05 level.
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Table A.10. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Flat Creek for February 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

18.773

Sig.

2

96

.000

ANOVA
log10_abundance
Sum of Squares
Between Groups
Within Groups
Total

df

Mean Square

F

25.677

2

12.839

5.554

96

.058

31.231

98

Sig.

221.913

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

259.999

df2
2

Sig.

37.209

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval
Mean Difference (I(I) species
Bonferroni

flavum

(J) species

J)

Error

Howell

Bound
-.7803

.11714

.07128 .311

-.0565

.2908

*

.06612 .000

.7803

1.1025

1.05854*

.05499 .000

.9246

1.1925

-.11714

.07128 .311

-.2908

.0565

nigripinne

-1.05854*

.05499 .000

-1.1925

-.9246

nigripinne

*

.06007 .000

-1.0860

-.7968

.11714*

.04085 .025

.0134

.2209

*

.06007 .000

.7968

1.0860

1.05854*

.04614 .000

.9473

1.1698

*

.04085 .025

-.2209

-.0134

-1.05854*

.04614 .000

-1.1698

-.9473

flavum

.94140

-.94140

luteovinctum
nigripinne

Bound
-1.1025

-.94140

luteovinctum flavum

flavum

Upper

.06612 .000

nigripinne

luteovinctum

Games-

Sig.

Lower

*

luteovinctum
nigripinne

Std.

flavum
luteovinctum

luteovinctum flavum
nigripinne

.94140

-.11714

*. The mean difference is significant at the 0.05 level.
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Table A.11. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Flat Creek for April 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

6.932

2

Sig.
121

.001

ANOVA
log10_abundance
Sum of Squares

df

Mean Square

F

Between Groups

13.552

2

6.776

Within Groups

10.983

121

.091

Total

24.535

123

Sig.

74.655

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

107.513

df2
2

Sig.

34.630

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval
Mean Difference (I(I) species
Bonferroni

flavum

(J) species

J)

Error

flavum

Howell

Bound

Bound

-.8293

-.3915

.10481

.09909 .877

-.1357

.3454

flavum

.61043

*

.09017 .000

.3915

.8293

luteovinctum

.71523*

.06313 .000

.5620

.8685

-.10481

.09909 .877

-.3454

.1357

nigripinne

-.71523*

.06313 .000

-.8685

-.5620

nigripinne

*

.07525 .000

-.7994

-.4215

.10481

.07046 .321

-.0758

.2854

flavum

.61043

*

.07525 .000

.4215

.7994

luteovinctum

.71523*

.04884 .000

.5991

.8313

-.10481

.07046 .321

-.2854

.0758

-.71523*

.04884 .000

-.8313

-.5991

-.61043

-.61043

luteovinctum
nigripinne

Upper

.09017 .000

nigripinne

luteovinctum flavum

Games-

Sig.

Lower

*

luteovinctum
nigripinne

Std.

luteovinctum flavum
nigripinne
*. The mean difference is significant at the 0.05 level.
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Table A.12. Welch’s one-way ANOVA and post hoc results from comparison of mean
abundance of parasite infection between darter species of Flat Creek for June 2014.
Test of Homogeneity of Variances
log10_abundance
Levene Statistic

df1

df2

19.553

2

Sig.
135

.000

ANOVA
log10_abundance
Sum of Squares
Between Groups

df

Mean Square

F

9.070

2

4.535

Within Groups

15.359

135

.114

Total

24.428

137

Sig.

39.862

.000

Robust Tests of Equality of Means
log10_abundance
Statistica
Welch

df1

35.959

df2
2

Sig.

58.157

.000

a. Asymptotically F distributed.
Multiple Comparisons
Dependent Variable: log10_abundance
95% Confidence Interval
Mean Difference (I(I) species
Bonferroni

flavum

(J) species

J)

Error

flavum

Howell

Bound

Bound

-.7992

-.3696

-.09545

.08916 .859

-.3116

.1207

flavum

.58439

*

.08862 .000

.3696

.7992

luteovinctum

.48894*

.06186 .000

.3390

.6389

.09545

.08916 .859

-.1207

.3116

nigripinne

-.48894*

.06186 .000

-.6389

-.3390

nigripinne

*

.07198 .000

-.7567

-.4121

-.09545

.05176 .171

-.2222

.0313

flavum

.58439

*

.07198 .000

.4121

.7567

luteovinctum

.48894*

.06401 .000

.3363

.6416

.09545

.05176 .171

-.0313

.2222

-.48894*

.06401 .000

-.6416

-.3363

-.58439

-.58439

luteovinctum
nigripinne

Upper

.08862 .000

nigripinne

luteovinctum flavum

Games-

Sig.

Lower

*

luteovinctum
nigripinne

Std.

luteovinctum flavum
nigripinne
*. The mean difference is significant at the 0.05 level.
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APPENDIX B

DNA Extraction and PCR Protocols

The following protocols were used for the extraction of the parasite and host
DNA and for the amplification of genes through PCR.
Extraction protocol (hosts). Tissue samples were each placed into 180 microliters
of Buffer ATL. 20 microliters of Proteinase K were added. The mixture was vortexed,
then incubated overnight at 56 degrees Celsius in a heat block. 200 microliters of Buffer
AL were added, and the mixture was vortexed. 200 microliters of ethanol were added,
then the mixture was vortexed again. The mixture was pipetted into a DNEasy spin
column placed into a 2 mL collection tube. The tube was centrifuged at 8000 rpm for 1
minute. The flow-through and collection tube were discarded. The spin column was
placed into a new collection tube, and 500 microliters of Buffer AW1 were added. The
mixture was centrifuged at > 6000 x g for 1 minute. The flow-through and collection
tube was discarded and the column was placed into a 1.5 mL microcentrifuge tube. 500
microliters of Buffer AW2 were added. The mixture was centrifuged for 3 minutes at
14,000 rpm. The flow-through and collection tube were discarded. The DNA was eluted

83

by adding 50 microliters of Buffer AE to the spin column. The column was incubated at
room temperature for 1 minute, then centrifuged for 1 minute at 8000 rpm (Qiagen 2011).
Extraction protocol (parasites). Whole parasites were incubated in 1.5 microliter
tubes at 56 degrees Celsius for 30-45 minutes to evaporate ethanol from samples.
20 microliters of Dilution Buffer were added to each sample, followed by 0.5 microliters
of DNARelease. The mixture was vortexed, then spun down for 10 seconds in a
microcentrifuge. The samples were incubated at room temperature for 5 minutes, then
incubated in a heat block at 98 degrees Celsius for 2 minutes. The samples were spun
down again in a microcentrifuge for 10 seconds, then kept frozen until used for PCR.
PCR amplification of parasite and host genes. The following section contains the
master mixes (Tables B.1. and B.2) and thermal cycler protocols (Tables B.3, B.4, and
B.5) used for PCR amplification of DNA from both parasites and hosts.
Table B.1. PCR master mix for amplification of host genes.
PCR
10x buffer
MgCl2 (50 mM)
2 mM dNTPs
F primer (10 mM)
R primer (10 mM)
Taq DNA polymerase* or Hot Start DNA
Polymerase (1 unit/microliter)
Molecular H2O
Template DNA
Total volume

1X
2.5 microliters
2.1 microliters
2.5 microliters
1.0 microliter
1.0 microliter
0.3 microliter
14.6 microliters
1.0 microliter
25.0 microliters
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Table B.2. PCR master mix for amplification of parasite genes.
Direct PCR
5X Phire Animal Tissue PCR buffer
2 mM dNTPs
F primer (10 mM)
R primer (10 mM)
Phire Hot Start II DNA Polymerase (5
units/microliter)
Molecular H2O
Template DNA
Total volume

1X
4.0 microliters
2.0 microliters
1.0 microliter
1.0 microliter
0.4 microliter
10.6 microliters
1.0 microliter*
20.0 microliters

Table B.3. PCR protocol for ND2 gene amplification.
Temperature
95 C
94 C
56 C*
72 C
72 C
4C

Time
2:00
00:40
00:60
00:90
5:00
hold

# cycles
1
35
1
Hold

Table B.4. PCR protocol for S7 gene amplification.
Temperature
95 C
94 C
60 C*
72 C
72 C
4C

Time
15:00
00:40
00:60
00:90
5:00
Hold

# cycles
1
35
1
Hold
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Table B.5. PCR protocol for all parasite gene amplification. ** = annealing temperature varied
depending on sequence. *** = time was extended to 25 seconds if sequence was difficult to
amplify.
Temperature
98 C
98 C
52-62 C**
72 C
72 C
4C

Time
5:00
00:05
00:05
00:20***
1:00
Hold

# cycles
1
40
1
Hold

Exo-AP cleanup of PCR products. 10 microliters of Exo-AP mix (Table B.6)
were added to each PCR sample. Samples were incubated in the PCR machine at 37
degrees Celsius for 30 minutes, then at 80 degrees Celsius for 20 minutes. Samples were
stored at 4 degrees Celsius until loaded onto plate.
8 microliters of cleaned PCR template and 4 microliters of 5 uM primer (forward
or reverse) were loaded into each well of a 96-well sequencing plate. The plate was sent
to Operon (Huntsville, AL) for sequencing.
Table B.6. Mix for Exo-AP cleanup of PCR products.
Exo-AP
Exonuclease I (20 U/microliter)
Antarctic Phosphatase (1 U/microliter)
Molecular H2O
Total Volume

1X
0.025 microliter
0.250 microliter
9.725 microliters
10.000 microliters
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